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Abstract 
Absence of debris or spatters on the periphery of laser micromachining area is crucial in semiconductor applications 
due to reduction of line width and line space of silicon (Si) devices. We studied the role of different types of volatile 
liquid films in reducing debris formation and taper improvement during femtosecond (fs) laser drilling of Si. It was 
found that more volatile liquids, i.e. liquids with lower boiling points were more effective in reducing debris 
formation during the fs laser drilling process. Plasma confinement in liquid and shock waves are believed to be the 
main causes for the reduction of debris formation. The more volatile liquids also led to reduction in hole taper 
angles.
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1.  Introduction 
There are extensive studies for fs laser processing applications including material surface modification [1] and 
micro-hole drilling for fabrication of three dimensional (3-D) electronic packages [2]. It is necessary to develop 
more efficient techniques to minimize debris formation during laser processing [3]. Due to the low efficiency and 
high cost of the traditional cleaning techniques to remove the tiny pariculateds using pressurized gas [4], or fine-
particle jets, pre-coating [5] and ultrasonic techniques [6], a few types of liquids were studied for their roles in 
removing debris formation in laser drilling in the previous studies [7-8],. However, there are a number of issues 
have been identified but remain to be resolved.  These issues include: laser power loss due to a large portion of laser 
energy being absorbed by the liquid, non-circular hole geometries due to the scattered laser beam by the liquid and 
bubbles, and material corrosion due to the use of corrosive liquids such as acid solution.  The hole drilled in liquid 
usually holds a larger entrance diameter than that drilled in air at the same laser setting [9-10]. In addition, the 
ablated surface is rougher in the case of under water than that in air. In an attempt to provide some solutions to these 
issues, Kang et al. [9] studied the effect of water thickness on laser drilling efficiency.  They reported that the laser 
ablation efficiency decreased with the increase in the water film thickness. Due to the high surface tension of water, 
the minimal liquid thickness that Kang et al. was able to apply was 0.5mm. In our study, we aimed to further 
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improve laser drilling efficiency and reduce debris formation by applying a thinner liquid film, which has lower 
surface tension than water and is more volatile in nature.   
2.  Experimental Procedure
The fs laser used for conducting experiments has a wavelength of 775 nm and pulse duration of 200 fs. The laser 
power was set from 75mw to 200mW with repetition rate of 1 kHz. The number of pulses was fixed at 2000 for all 
the drilling experiments.  The Si wafer has a thickness of 0.300 mm. Because of the high efficiency of the fs pulse 
laser, the drilling time for via-hole in the Si wafer can be as short as 2 seconds.   
Table 1 summarized the physicochemical properties of three types of alcohols (methanol, ethanol, IPA) used as 
assist liquid. They were selected based on their lower boiling point, surface tension and enthalpy of vaporization 
when compared to water (71.97 mN/m) which is used in the previous studies [8-9, 12]. Deposition of thin liquid 
films on the Si surface was achieved with the aid of a burette before the firing of the laser pulses. The thickness of 
liquid film is estimated to be 0.1-0.2mm. The top and bottom of the laser drilled holes were examined using a Deep 
Ultraviolet Microscope (DUV). The surrounding areas of both the entrance and the exit holes were determined via 
Pixcavator Image Analysis (PIA).  
Table 1 The physicochemical properties of methanol, ethanol, IPA 
Alcohols solvent 
Methanol Ethanol IPA 
Boiling Point (Ԩ) [14] 64.7 78.3 82.5 
Enthalpy of 
vaporization 
(EVP)(KJ/mol) [15] 
35.3 38.6 47.4 
3.  Result and discussion 
The comparison of the appearance of the laser irradiated holes in air and in various types of alcohols is presented 
in Fig.1. Because of the application of methanol, ethanol and IPA as the assist liquid, the amount of debris is 
significantly reduced. There is almost no debris observed when applying methanol which is the most volatile liquid. 
The exit hole diameter drilling in ethanol is 75% larger than that in air, which indicates that the material removal 
efficiency was higher by applying ethanol as the assist liquid. One possible reason for the highly efficient drilling is 
that the effect of plasma confinement [12] on laser ablation is enhanced due to the presence of liquid thin film. The 
previous study [18] reported that compared with drilling in air the plasma size and duration are much reduced when 
drilling in water. Thus, in the case of liquid environment the laser energy loss due to the plasma absorption is much 
reduced.  More laser energy is hence being channelled deeper into the substrate. The material removal efficiency can 
be enhanced in liquid. The plasma can’t interact with the first laser pulse because the plasma is generated after 
several nanoseconds. In this time the first laser pulse with 200fs is already ended. However, it can interact with the 
following pulses which have interval of 1ms with the previous pulse.  The shorter duration of plasma can reduce the 
overlap between the plasma and the following laser pulses.  These factors weaken the plasma shielding effect, 
causing a stronger coupling of laser beam with the material. Thus, the material removal efficiency is higher in liquid. 
On the other hand, the plasma is confined in the liquid, results in higher acoustic and shock waves than the dry 
condition [11, 16]. In addition, the homogenous vapour bubbles generation will happen as a result of the temperature 
increase in liquid induced by the heat conduction of target material. [12] The bubble generation would be 
accompanied with shock waves, which will provide an additional force to clean off the debris induced by laser 
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ablation [13].The enhanced mechanical wave emission helps the removal of laser ablated materials. The amount of 
debris on the Si surface is therefore reduced. 
It is well known that the faster thermalization can result in a rougher surface when applying a large volume of 
liquid on the workpiece especially when using a high power laser.  However, in our experiments, the nature of fs 
laser determines that the thermal effect is rather small and the dominating mechanism of material removal is not by 
melting mode. From Fig. 1, we can observe that the liquid assist laser drilling can obtain smoother surface. 
During the laser drilling process, the liquid near the beam spot may evaporate quickly because of the heating 
effect by plasma. However the thin liquid cover an area of about 600mm2 which is much larger than the spot size of 
laser beam (about 2000μm2). The loss of liquid near the laser beam can be compensated by the surrounding liquid. 
Thus the laser liquid interaction can be successive and ensured. Additionally, the previous study reported during fs 
laser drilling process, the material remove of via-hole is largely contributed from the initial pulses. So the lack of 
liquid in the later period of laser exposure may not have significant influence on the drilling process.   
Fig. 1 Entrance hole (left) and exit hole (right) drilled in air, methanol, ethanol and IPA under laser power 175mW 
and number of pulse 2000. 
Fig. 2 shows the entrance hole diameters versus types of assist liquid used. The laser power ranging from 75 mW 
to 200 mW and the type of the liquids has no significant effect on the entrance hole diameter. However, when 
comparing with the hole drilled in air, larger exit holes were was produced with methanol, ethanol and IPA as the 
assist liquids which is presented in Fig. 3. The exit hole diameter decreased with increasing the boiling point of the 
liquids. The taper of the hole is thus reduced as well with lower boiling point at every power stages from 75 to200 
mW as shown in Fig. 4.  
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Fig. 2 Diameter of entrance hole drilled in air, methanol, ethanol and IPA versus laser power 
Fig. 3 Diameter of exit hole drilled in air, methanol, ethanol and IPA versus laser power 
The fact about the impact of boiling point of the liquid versus on the exit hole diameter and taper indicated that 
the mechanism of liquid assist laser drilling has close relationship with the vaporization of the liquid during the laser 
drilling process. The liquid flow and vaporization are helpful to carry away the debris inside the hole which reduces 
the laser energy absorption by the molten material. Thus, more laser energy can be used to enlarge the exit hole with 
the presence of assist liquid. According to Fig. 3, the exit hole diameter decreases with increasing boiling point of 
the liquid, indicating that the mass removed by laser is increased when applying the liquid with low boiling point. 
Table 1 shows that the Enthalpy of vaporization (EVP) of the various alcohols increases when the boiling point of 
alcohol solvents becomes higher.  The liquid with higher EVP leads to more heat loss during laser irradiation, 
reducing the temperature rise of the substrate, and thus likely limits the pressure generation during the bubble 
formation. This would account for the low drilling efficiency when applying liquid with high boiling point.     
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Fig. 4 Taper of hole drilled in air, methanol, ethanol and IPA versus laser power 
4.  Conclusion 
Liquids with low boiling point are found to be more effective in reducing debris formation as well as reducing 
the taper angle of the fs laser drilled holes in Si. These liquids have low boiling points and are more volatile. 
Methanol, ethanol and IPA solvents are the examples of such liquids.  The confinement of plasma and the strong 
shock waves induced by bubbles are the main reasons for the effective removal of debris.   
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